The plant-pathogenic prokaryote Xanthomonas oryzae pv. oryzae (Xoo) causes bacterial blight, one of the most important diseases of rice. The bacterium is a model organism for the analysis of plant-pathogen interaction, because more than 30 races differing in virulence and 25 resistance genes in rice have been reported to date. We present here the complete genome sequence of Xoo strain MAFF 311018. The size of the genome was 4,940,217 bp, in a single circular chromosome. The genome structure of Xoo MAFF 311018 was characterized by large numbers of effector (avr) genes of the avrBs3/pth family and insertion sequences (ISs). RFLP analysis of diverse strains using ISXo1 as a probe suggests that the prevalence of mobile elements in this species, which can bring about genome inversions and rearrangement, may have played a major role in generating the high degree of genetic diversity and race differentiation characteristic of this pathogen. The Xoo MAFF 311018 sequence was also highly similar to those of X. axonopodis pv. citri and X. campestris pv. campestris with the exception of the large number of effectors and IS elements, and numerous inversions and rearrangements.
Introduction
All known species of the genus Xanthomonas, a member of the gamma subdivision of the Proteobacteria, are plant-associated and most are plant pathogens. Among them, Xanthomonas oryzae pv. oryzae (Xoo), is a pathogen of the staple crop plant rice (Oryza sativa). Xoo causes bacterial blight of rice, alongside rice blast caused by the fungus Magnaporthe grisea. In addition to the importance as a pathogen, the bacterium is known to be an ideal model for studying plant-pathogen interactions, race differentiation and evolution of plant pathogens. Therefore, the rice-Xoo interaction has been studied at the molecular level with special reference to the hrp genes, encoding the type III secretion system, and the avr genes, encoding Avr proteins 6, 20 . The diversity of races in Xoo is remarkable: more than 30 races of different viru-lence have been reported worldwide 25 . Because of the variability of virulence, the breeding of resistant cultivars always confronts difficulties with the durability of resistance. Race differentiation is associated with diversity of host resistance genes, and the specificity is controlled in a 'gene-for-gene' manner 14 . More than 25 rice resistance genes for bacterial blight have been identified, mostly in Japan and at the International Rice Research Institute 13 . JARQ 39 (4) 2005 extensive race differentiation clear in the other plant pathogenic bacteria, Agrobacterium tumefaciens 36 , Pseudomonas syringae pv. tomato 4 , Ralstonia solanacearum 31 , and Xylella fastidiosa 33 , whose genome sequencing has been completed. Therefore, Xoo is the plant pathogenic bacterium in which genome sequencing has revealed very extensive race differentiation. In addition, the whole genome sequence of its native host has also been completed 32 , and analysis of the host-parasite interaction on the basis of the two genomes can be expected to be useful.
We report here the complete genome sequence of strain MAFF 311018 (T7174) of an apparently highly evolved plant-pathogenic bacterium Xoo; this sequence provides clues to the endless race between rice and Xoo.
Materials and methods

DNA sequencing and assembly
The bacterial strain sequenced was MAFF 311018 (T7174), a representative Japanese race 1 strain registered in the MAFF Genebank (National Institute of Agrobiological Sciences, Tsukuba, Japan). The nucleotide sequence was determined by the whole-genome shotgun strategy. The accumulated sequence data were assembled with the GenomeGambler version 1.51 program (Xanagen Inc., Tokyo, Japan) 30 , which includes the Phred/Phrap/Consed package (Philip Green, University of Washington, Seattle, USA). In addition to the above sequences, both end sequences of BAC clones 27 , with an average size of 107 kb, facilitated the gap-closure process as well as confirmation of the orientation and integrity of the entire genome. The final gaps in sequences were filled by the primer walking method.
Gene prediction and annotation
Protein-coding genes were predicted with GeneHacker 37 , GenomeGambler version 1.51 and the Glimmer program 11 . We searched for predicted proteins in the non-redundant protein database with the BLASTP program 2 . Regions of the genome without ORFs were reevaluated with the BLASTX program. RNA species were identified by using the BLASTN and tRNAscan-SE programs 22 . Finally, each putatively identified gene was analysed with the XanaGenome program (Xanagen Inc., Tokyo, Japan) for functional annotation. Insertion sequences (ISs) were classified by BLAST analysis with the ISFinder database (www-is.biotoul.fr/).
Comparative genomics among Xanthomonas strains
We compared the genome assemblies for X. oryzae pv. oryzae strains MAFF 311018, X. axonopodis pv. citri and X. campestris pv. campestris by using the MUMmer program 19 with default values (minimum match length: 20 bp), and we compared the translated ORF sets of Xoo, Xac and Xcc by using the BLASTP program. Shared genes were defined using an e-value cutoff of e-20.
Phylogenetic and pathotypic analysis
Bacterial strains used in phylogenetic and pathotypic analysis were collected from Sri Lanka. They had been used for RFLP (restriction fragment length polymorphism) typing and pathogenic analysis in a previous study 26 . RFLP analysis of these Sri Lankan strains was performed using ISXo1 (AF225214) as a probe. The DNA banding patterns (haplotype) of each strain was coded in binary form by scoring the presence or absence of each band. Low intensity bands and fragments ≥ 7 kb in size were not considered. Dendrograms were constructed from the distance matrix data from the Dice similarity coefficient through the WinDist program 40 by unweight pair group method using arithmetic averages (UPGMA) using the NEIGHBOR and DRAWGRAM programs in the PHYLIP package 16 . A data matrix based on virulence to 11 near-isogenic lines and one cultivar containing a single gene for resistance, was generated from the virulence data of each race by scoring avirulence as 0 and virulence as 1. A similarity matrix was computed with the SIMQUAL program (NTSYS-pc, version 1.80; Exeter Biological Software) using simple matching coefficients of similarity. A phenogram was reproduced by UPGMA in the SAHN program.
Results and discussion
General features of the Xoo genome
The deduced genome of X. oryzae pv. oryzae (Xoo) strain MAFF 311018 was a circular chromosome of 4,940,217 bp, and the average G+C content was 63.7% ( Fig. 1 , Table 1 ). No plasmid was detected in the course of genome assembly. The genome size was slightly different from that previously indicated, a size of about 4.8 Mb by pulse-field gel electrophoresis 27 . Two copies of the rrn operon were identified on the genome in the order of 16S-tRNA Ala -tRNA Ile -23S-5S. A total of 53 tRNAs representing 43 tRNA species were found on the genome using the tRNA scan-SE program. A total of 4,372 ORFs were identified within the MAFF 311018 genome. Of the predicted genes, 2,799 (64%) were assigned putative functions, 1,383 (32%) had similarities to proteins of unknown function (conserved hypothetical proteins), and 190 (4%) had no significant similarity to any registered genes ( Table 1) . At least two possibly defective proph-ages were found on the genome. Xoo MAFF 311018 had two gene clusters for a putative type I restriction modification system and one gene cluster for a type II restriction/modification system.
Insertion sequences
A total of 611 ISs of 25 types were found in the genome of Xoo. Their ratio in relation to the whole genome was approximately 10%. This percentage was remarkably high compared with that of other sequenced plant-pathogenic bacteria 4, 9, 31, 33, 36 , which may be a characteristic feature of Xoo. ISs were located throughout the genome, and they were repeated tandemly in many loci. In some cases, multiple IS regions (IS islands) that encompassed about 30 kb were also present. We identified 386 of the ISs as full length, and the remaining 225 were truncated. On the basis of the ISFinder database, almost all of the ISs could be classified into seven families ( Table 2 ). Members of the IS5 and ISNCY families were highly represented, with 110 and 63 full-length copies, respectively. Novel elements included ISXoo11, ISXoo12, ISXoo13, ISXoo14, ISXoo15, and ISXoo16. Rearrangement of genomes by IS has been reported in animal pathogens. Deng et al. 12 alluded to the important role played by repeat elements (namely IS elements) in explaining the unique genome rearrangement between two sequenced Yersinia pestis strains. Similar genome rearrangement and reductive evolution through gene loss were also reported in Yersinia pestis and Y. pseudotuberculosis 7 .
Comparative analysis of the genomes of the two species which are drastically different in pathogenicity and transmission further supported the role played by IS elements in genome evolution. Similar findings were obtained in the two pathogenic Burkholderia species 24 . A highly evolved obligate parasite Burkholderia mallei genome harbors numerous IS elements that most likely have mediated extensive genome-wide insertion, deletion and inversion mutations relative to B. pseudomallei. Comparative alignment of genome sequences between Burkholderia mallei and its related species B. pseudomallei showed that numerous IS were observed in the synteny points of the genomes of the two species, which suggests recombination mediated by IS.
The relationship between pathotypic and genetic diversity of Xoo strains has been studied mainly based on analyses of differential interactions with resistance genes and DNA fingerprinting using insertion sequences 1, 23, 26 . The results suggested that some phylogenetic lineages based on insertion sequences were related to pathotypes (races). Using Sri Lankan strains of Xoo, we investigated whether there was some relationship between race and phylogenetic group. We observed an association between phylogenetic groups and race groups ( Table 3 ). Thus, it is likely that the numerous ISs might be important in strain or race differentiation in Xoo, because ISXo1  IS5  IS5  42  2  orfA  ISXo2  ISNCY  7  3  o r f A  ISXo3  IS5  IS1031  30  10  orfA / orfB  ISXo5  ISNCY  47  21  orfA  ISXo7  IS630  7  0  o r f A  ISXo8  ISI  36  34  orfA  IS1112  IS30  20  12  orfA  IS1113  ISNCY  8  2  o r f A  ISXoo2  IS630  11  15  orfA  ISXoo3  IS3  IS407  16  26  orfA / orfB  ISXoo4  IS5  IS5  11  41  orfA  ISXoo5  IS5  IS5  10  2  orfA  ISXoo6  IS5  IS5  10  2  orfA  ISXoo7 IS5 ISXoo11  unknown  46  0  orfA  ISXoo12  unknown  IS4  42  0  orfA  ISXoo13  IS3L  19  6  orfA  ISXoo14  IS5  5  1  o r f A  ISXoo15  IS30  2  16  orfA  ISXoo16  IS630  2  7  o r f A   Others  IS3  0  8 unknown 0 8
Fig. 2. Southern hybridization profiles and relationship between pathogenic race groups and phylogenetic groups based on RFLP types by ISXo1 insertion sequence
BamHI-digested DNA of Sri Lankan strains of Xanthomonas oryzae pv. oryzae by ISXo1 as a probe. Lane numbers refer to the restriction fragment length polymorphism types given in Table 3 . Sizes (kilobases) are indicated on the left. C: Dendrogram constructed with UPGMA of Sri Lankan strains of X. oryzae pv. oryzae derived from RFLP data of ISXo1 as a probe. D: Phenogram of Sri Lankan strains of X. oryzae pv. oryzae based on virulence to 11 near-isogenic lines and one cultivar containing a single gene for resistance. The ISXo1 type (haplotype) corresponds to those in Table 3 . Race corresponds to those in Table 3 . The numbers on the main branches of the left dendrogram indicate the percent bootstrap values for 1,000 replicates. Arrows indicate relative association between race group and phylogenetic group. JARQ 39 (4) 2005 mobile elements can disrupt genes, enhance recombination, and introduce mutations.
Pathogenicity-related genes
(1) hrp gene cluster Of the genes related to the pathogenicity of plantpathogenic bacteria, hrp genes encoding a type III secretion system (TTSS) are the most important. The TTSS is conserved among both plant and animal pathogens and injects effector proteins into host cells 6 . The hrp gene cluster found in the Xoo genome is composed of 27 genes extending from hpa2 to hpaF, and the structure was similar to those of other characterized Xanthomonas hrp gene clusters 15 . One exception was the hpaB (hrpE2)-hrpF region. In the Xoo genome, it is notable that three novel genes were found in the region between hpaB and hrpF ( Fig. 3 ). One was located downstream of hpaB (hrpE2) and in the same direction as the hrpE operon. The other two genes were also located downstream of hpaB (hrpE2), but in the opposite direction. It was also interesting that four tandem transposase homologues were present between hpaB and hrpF ( Fig. 3 ).
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Fig. 3. Comparison of the genetic organization of the hrp gene clusters of Xoo, Xcc and Xac
A: Genetic organization of the common genes. B: The variable regions of the hrp gene cluster. Each gene is named above or below the arrows. The maps are illustrated based on the annotated nucleotide sequence data from the GenBank database. The following sequences were used: X. axonopodis pv. citri 306 genes (accession no. AE008923); X. campestris pv. campestris ATCC 33913 genes (accession no. AE008922).
avrBs3/pth family, which are widely distributed in xanthomonads. Notably, Xoo contains multiple copies of members of the avrBs3/pth gene family. In Xoo, we found 17 copies on the genome, distributed and clustered in seven different genomic regions ( Table 4 ). The structure of the avrBs3/pth gene family has been elucidated 20 . The proteins have the following functional domains or motifs: (1) a central region of near-perfect 34 amino acid (102 bp) repeats that vary in number; (2) leucine-rich repeats (LRRs); (3) nuclear localization signals (NLS); and (4) an acidic transcriptional activation domain (AAD). Although the nucleotide sequences were very similar among these multiple copies, they were distinct from each other. Their differences lay mainly in the number of repeats in the central domain. The number of repeats varied from 12.5 to 31.5 copies (Table 4 ). From two to four avr genes were in most avr regions, and transposable elements such as ISs and phage-related genes were located in neighbouring areas. These ISs might promote duplication and rearrangement of avr genes, and likely contributed to their proliferation in the Xoo genome. Maps of these avr gene loci are given in Fig. 4 . The avr V region was an exceptional structure that was disrupted by a transposase gene (ISXoo9) at the 3´-end. The gene direction of avr regions I, II and III was antisense strand and that of avr regions IV, VI and VII was sense strand in an opposing orientation ( Fig. 4) .
(3) HrpX regulons Identification of the genes encoding TTSS effectors is a key step to understanding the function of the TTSS in plant pathogens. In xanthomonads, expression of the structural genes of the TTSS and some effector genes is mediated by the hrpG and hrpX gene products, both of which were present in Xoo as well as in Xac and Xcc. Several genes regulated in a HrpX-dependent manner possess the consensus nucleotide sequence TTCGC…N15…TTCGC (PIP box) 6 . The PIP box is a useful tool for identifying candidate genes in the HrpX regulon, especially genes encoding secreted effector proteins. In Xoo, we detected 37 perfect or near-perfect copies of the PIP box (TTCGN…N15…TTCGN) in putative promoter regions of predicted genes ( Table 5 ). Five of these predicted genes were located in the hrp gene cluster, and others were scattered throughout the genome.
Fig. 4. Gene map of the avr/pth gene family of
Other features
Activation of virulence gene expression in Xoo is thought to be under complex control, and has not yet been completely clarified. In general, it is thought that many pathogenicity-related genes, including the hrp gene cluster, are controlled by HrpG and HrpX, key regulatory proteins 35 . However, activation of hrpG, which is a transcriptional activator of the ompR family of two-component regulators, is still not understood. Interestingly, we found that Xoo possesses homologues of two sets of characteristic two-component regulators involved in microbial interactions with plants. One set is the virA/ virG two-component system of Agrobacterium tumefaciens 34 , which activates T-DNA transfer in response to monosaccharides and phenolic compounds. The other is the nodV/nodW two-component system of Bradyrhizobium japonicum 17 , which responds to plantderived flavonoids and provides an alternative pathway for activating genes involved in legume nodulation and symbiosis. The role of the homologues in Xoo remains unknown, but their similarity to the vir and nod gene regulators suggests that they may be involved in regulation of pathogenicity in response to plant or environmental signals. Attachment to the tissue surface is the first step for pathogenic bacteria in establishing infection. Many Gram-negative bacteria have type IV fimbriae (also called pili) for adhesion. In Xoo, type IV fimbriae genes were distributed in several loci on the genome. In addition, a previous report showed that Xoo had a non-fimbrial adhesion protein designated as XadA, which was an outer membrane protein that plays a role in virulence 29 . We identified two xadA homologues at different loci in MAFF 311018.
In MAFF 311018 we identified gene homologues related to the production of toxins. One cluster was related to putative thermostable hemolysin-like genes of Vibrio cholerae 18 . A second was related to a putative colicin V secretion protein of Xylella fastidiosa 33 . A third was related to rhizobitoxine of Bradyrhizobium elkanii 41 .
Several regions composed of specific genes, which were not present in other xanthomonads, were found on the MAFF 311018 genome. Many genes belonging to these regions are related mainly to P. syringae, R. solanacearum, Mesorhizobium, and Bradyrhizobium strains, but their functions are unknown (conserved hypothetical proteins). Their lengths range from approximately 15 kb to 90 kb.
Comparative genomics of three Xanthomonas species, Xoo, Xac and Xcc
First, we analysed the orthologous relationships among the proteins deduced from the genes, excluding the transposable elements in Xoo, Xac and Xcc (Fig. 5 ). Of the 3,697 proteins of Xoo, 2,771 (74.9%) were identi- fied as orthologous with those of both Xac and Xcc; 173 proteins (4.7%) were shared with only Xac, and 117 proteins (3.2%) were shared with only Xcc. The other 636 putative proteins (17.2%) had no relationship (e-values >1 × 10 -20 ) to proteins encoded in the genomes of Xac and Xcc. Of these 636 putative proteins, 190 were hypothetical genes whose amino acids sequences showed no significant similarity to those of any other proteins, and 446 were conserved proteins. Of the 446 conserved proteins, 325 had unknown functions, and 201 were proteins conserved in other bacteria (such as Pseudomonas, Ralstonia and Rhizobium).
We performed whole genome nucleotide alignment to determine the synteny of Xoo relative to Xcc and Xac. The results showed partial synteny, but had numerous inversions, rearrangements and deletions ( Fig. 6 ). As the Xoo genome harbours a greater number and variety of IS elements than Xac and Xcc, genome-wide inversion, rearrangement and deletion might be expected to have occurred to a greater extent in the Xoo genome. In fact, most of the synteny break-points between the Xoo and Xac genomes were bounded by IS elements in Xoo.
The Xanthomonas hrp gene cluster contains six operons (hrpA to hrpF, composed of 22 genes) and an additional two genes outside hrpA 15 . Comparison of the hrp cluster among Xoo, Xac and Xcc revealed that the gene orders were similar but the clusters were located in different regions on the genomes. One exception to their similarity was a region between hpaB (hrpE2) and hrpF, which varied in terms of its length and predicted genes ( Fig. 3) . Xoo possessed three genes and four transposase genes in this region, whereas Xac had only one gene and Xcc had two. Although hrpW was present within this region in Xcc and outside the hrp cluster in Xac, it was absent from the Xoo genome. The hrp core region (hrpA to hpaB), encoding mainly proteins of the TTSS, was highly conserved between Xoo and Xac, with more than 80% identity at the amino acid level with the exception of HpaA. In contrast, the identity value was relatively low between Xoo and Xcc. The genes encoding Hpa1, HrpD6, HrpE1, and HrpF proteins had relatively low identities among Xoo, Xac and Xcc. These differences may influence pathogenicity and interactions with host plants. In addition to the TTSS secretion system, other secretion systems such as type II and type IV are important for pathogenic bacteria to deliver degradative enzymes and toxins and to transfer T-DNA into the cell. Two type II secretion systems (xps cluster and xcs cluster) were identified in both Xac and Xcc, but the xcs cluster was absent in Xoo. Also, both Xac and Xcc had type IV secretion systems (virB operon), which have been well characterized in A. tumefaciens. Genes for this system are absent in Xoo. The roles which these elements play in xanthomonad pathogenicity, if any, and the reason why Xoo lacks these elements remain to be elucidated 5 .
In xanthomonads, three avr gene families, avrBs1, avrBs2 and avrBs3/pth, have been reported to date 20 . Furthermore, the avrPphE, avrC, yopJ , and avrXca families have been identified in Xac or Xcc 9 . There was a sharp contrast in the distribution of avr gene families among Xoo, Xac and Xcc ( Table 6 ). The avrBs2 gene was common among the three xanthomonads, whereas Previous studies have reported that Xoo has at least 30 races 25 . Race differentiations of Xac and Xcc have not yet been reported. To our knowledge, there are no reports of natural mechanisms of how new avr genes or race differentiation are generated. Mutational analyses of avrBs3/ pth genes revealed that the order and type of repeats in the central domain were important for race-specificity or pathogen fitness 3, 38, 39 . In general, repetitive regions of DNA are known to be active sites for homologous recombination 28 . In Xanthomonas axonopodis pv. malvacearum, it appears that multiple members of this avr gene family have arisen from duplication and divergence by intragenic or intergenic recombination, and they may promote race-change mutations 10 . In Xoo, insertion sequences and phage-related genes were abundant in most of the regions neighbouring this avr gene family (Fig. 4 ). Duplication and rearrangement of avr genes in the Xoo genome might be promoted by these ISs, and these multiple copies of avr genes, which contained various types of repeats in the central domain, might be generated via subsequent unequal homologous recombination. Therefore, a role for the multitude of these genes and the numerous IS elements in generating the diversity of races in Xoo is a compelling conclusion.
Conclusions
Our complete genome sequencing of Xoo MAFF 311018 revealed very unique features of the genome structure of Xoo suggestive of a highly evolved plant pathogen. These unique features were a large number of avr genes of one family and a large number of insertion sequences (IS). Based on comparison among Xanthomonas strains, we propose that these numerous effector genes and mobile elements are involved in the high degree of race differentiation. Comparative genomic analysis among multiple strains will be necessary to address this possibility definitively. In addition, the genome sequence of Korean strain KACC10331 was recently published 21 , and comparative analysis of genomes among multiple strains of Xoo became possible. Comparative analysis shows overall a high degree of similarity with KACC10331 but they have differences in effector and IS element content as well as gene alignment. Therefore, such comparative genomics will provide further evidence for evolutionary mechanisms with a particular focus on understanding the extensive infrasubspecific diversity and race differentiation characteristic of Xoo. Furthermore, the whole genome sequence of its native host has also been completed, and analysis of the host-parasite interaction on the basis of the two genomes can be expected to foster exciting progress in understanding plant bacterial interactions and the evolution of racecultivar specificity.
